To study the relationships between leptin, soluble leptin receptor (sOB-R), and insulin resistance in obese children before and after weight reduction. METHODS: We determined fasting serum leptin, sOB-R, and insulin resistance index (Homeostasis model assessment (HOMA)) in 36 obese children at baseline and 1 y later and compared them to 72 lean children matched for age, gender, and pubertal stage. The changes of leptin (Dleptin) and sOB-R (DsOB-R) over the 1 y period were correlated to the changes of HOMA (DHOMA), the changes of weight status, and the changes of percentage body fat (D%BF) based on skinfold measurements. Multiple linear regression analyses were conducted for the dependent variables Dleptin and DsOB-R, including DBMI and DHOMA as independent variables adjusted for age, gender, and pubertal stage. Changes of leptin and sOB-R levels were analyzed in 11 obese children after they had lost weight substantially (decrease SDS-BMI40.5) and compared to 11 obese children without substantial weight loss matched for age, gender, and pubertal stage. RESULTS: Obese children showed significantly (Po0.001) higher leptin and lower sOB-R levels. Dleptin correlated significantly to DSDS-BMI (r ¼ 0.28, Po0.05), D%BF (r ¼ 0.44, Po0.05), and DHOMA (r ¼ 0.42, Po0.01), while DsOB-R correlated significantly to DSDS-BMI (r ¼ À0.42, Po0.01) and D%BF (r ¼ À0.47, Po0.01), but not to DHOMA. In contrast to DsOB-R, Dleptin correlated significantly to DHOMA (P ¼ 0.02) in multiple linear regression analysis. Substantial weight loss led to a significant increase in sOB-R (P ¼ 0.02) and to a decrease in HOMA (P ¼ 0.02). In children without substantial weight loss, there were no changes in sOB-R, while HOMA (P ¼ 0.04) and leptin (P ¼ 0.02) increased significantly. CONCLUSIONS: The decrease of sOB-R and the increase of leptin levels in obese children normalized after weight loss. Therefore, these changes are consequences rather than the cause of overweight. In contrast to sOB-R, leptin levels are associated with insulin resistance.
Introduction
Leptin, a cytokine that is primarily expressed by adipose tissue, is considered to be involved in satiety regulation. 1 Leptin controls food intake by its interaction with the leptin receptor in the brain. Moreover, leptin affects a wide range of metabolic functions in the peripheral tissue and it controls processes within the reproductive axis. 1, 2 Human obesity is associated with elevated leptin levels, suggesting central and peripheral leptin insensitivity. To understand this phenomenon, it is important to determine the interaction of leptin with other proteins in the circulation that may alter its bioavailability and function. The action of leptin is mediated by the leptin receptor that belongs to the class I type cytokine receptor family, 3 In humans, multiple isoforms of the leptin receptor are generated through alternative splicing of the leptin receptor gene, including a long isoform expressed primarily in the hypothalamus conducting the full signal transducing activities and several short isoforms with a much wider tissue distribution. [3] [4] [5] A soluble form of the leptin receptor (soluble leptin receptor (sOB-R)), consisting of only the extracellular region, binds leptin with an affinity similar to that of membrane-bound receptors and represents the main leptin binding activity in serum. 4, 5 Two functions of sOB-R are currently being discussed. 4, 6, 7 First, excess of sOB-R may inhibit leptin binding to membrane receptors by competing directly with its ligand. Second, the sOB-R may remarkably delay the clearance of leptin by binding leptin. SOB-R levels, which are decreased in obesity, 4, 8, 9 are postulated to play an important role in the pathophysiology of energy homeostasis. 6, 10 Furthermore, not only associations between leptin and insulin resistance Fthe major complication of obesity determining morbidity and mortality [11] [12] [13] F but also the relationship between sOB-R and insulin resistance is being discussed. 14, 15 Thus, understanding the regulation of circulating sOB-R in humans may have important physiological and therapeutical implications for human obesity and its complications.
To study the relationships between leptin, sOB-R, overweight, and insulin resistance, longitudinal data are necessary. To the best of our knowledge, no studies in children have been performed regarding these relationships. The two longitudinal studies in 48 obese adults reported increasing sOB-R levels due to weight loss. 16, 17 Since leptin, sOB-R levels, and the ratio of sOB-R and leptin change in growing children and during pubertal development, 4, 18 the findings in adults are not transferable to children. Studies concerning the relationship between longitudinal changes of insulin resistance and sOB-R levels have not yet been performed. Therefore, we measured leptin, sOB-R, and insulin resistance in obese children before and after weight loss.
Materials and methods
We examined 36 obese children who attended the 'Obeldicks' intervention program and 72 lean children matched for age, gender, and pubertal stage from the 581 children of the Leipzig school project. 4 If more than two lean children matching an obese child in respect of age, gender, and pubertal stage existed, two children were randomly chosen. Children with endocrine disorders, premature adrenarche or syndromal obesity were excluded from the study. Obesity was defined by a BMI above the BMI 97th percentile according to the definition of the International Task Force of Obesity 19 and using population-specific data. 20 Since the BMI is not normally distributed in childhood, we used Cole's least mean square method, which normalizes the BMI skewed distribution and expresses BMI as a standard deviation score (SDS-BMI) by the formula SDS-
. 21 The M and S curves correspond to the median and coefficient of variation in BMI for German children at each age and gender, whereas the L curve allows for the substantial age-dependent skewness in the distribution of BMI. 20, 21 Percentage body fat was calculated based on a skinfoldthickness equation using the following formulae:
22 Boys:
percentage body fat ¼ 0.783 Â (skinfold-thickness subscapularis þ triceps in mm) þ 1.6; girls: body fat % ¼ 0.546 Â (skinfold-thickness subscapularis þ triceps in mm) þ 9.7. The triceps and subscapularis skinfold-thickness were measured in duplicate and averaged. One investigator performed all the anthropometrical measurements using a caliper. The pubertal development was determined according to Marshall and Tanner and categorized into two groups (prepubertal: boys with pubic hair and gonadal stage I, girls with pubic hair stage and breast stage I; pubertal: boys with pubic hair and gonadal stage ZII and girls with pubic hair stage and breast stage ZII).
Fasting serum leptin, sOB-R, insulin, and glucose concentrations were measured before and after the 1-y 'Obeldicks' intervention program. Furthermore, fasting leptin and sOB-R levels were determined in 72 lean children. Blood sampling was performed at 0800h. Leptin levels were determined by a human specific radioimmunoassay (RIA) with an intraassay and interassay coefficient of variation lower than 12.5%. 23 Levels of sOB-R in the serum were measured by a human specific ligand immunofunctional assay (LIFA). 5 This assay was nearly insensitive to the interference of leptin. Intraassay and interassay coefficients of variations were lower than 11.7%. Insulin concentrations were measured by microparticle-enhanced immunometric assay (MEIAt, Abbott, Wiesbaden, Germany). Glucose levels were determined by colorimetric test using a Vitrost analyzer (Ortho Clinical Diagnostics, Neckargemuend, Germany). Intraassay and interassay coefficients of variation were o5% in both methods. Homeostasis model assessment (HOMA) was used to detect the degree of insulin resistance: 24 The resistance can be assessed from the fasting glucose and insulin concentrations by the formula: resistance (HOMA) ¼ (insulin (mU/l) Â glucose (mmol/l))/22.5. The reduction of weight was achieved through the 'Obeldicks' intervention program for obese children. 25, 26 This 1-y outpatient training is based on a program of physical exercise, nutrition education (high carbohydrate, fat-reduced diet) and behavior therapy including individual psychological care of the child and his/her family.
The changes of insulin resistance (HOMA), insulin, leptin and sOB-R levels in the study period were separately analyzed in the obese children with and without substantial weight loss. Substantial weight loss was defined as a reduction of SDS-BMI Z0.5 because with a reduction of o0.5 SDS-BMI, no improvement of insulin resistance and cardiovascular risk factors could be measured in obese German children. 27, 28 Each obese child with substantial weight loss was opposed to an obese child without substantial weight loss of the same age, gender, and pubertal stage since leptin and sOB-R levels are age-dependent. 4, 18 Statistical analysis was performed using the Winstat 
Results
The age, stage of puberty, gender, degree of overweight (BMI, SDS-BMI), leptin, and sOB-R levels of the 36 obese and 72 lean children are shown in Table 1 . Obese children demonstrated significantly higher leptin levels and lower sOB-R concentrations than the lean children matched for age, gender, and pubertal status.
At baseline, leptin levels did not significantly correlate to sOB-R (r ¼ À0.19, P ¼ 0.138). The changes of sOB-R (r ¼ À0.42, P ¼ 0.006, see Figure 1 ) and the changes of leptin levels (r ¼ 0.28, P ¼ 0.049) over the 1 y period in the 36 obese children were significantly correlated to the changes of weight status (SDS-BMI). Furthermore, changes of sOB-R (r ¼ À0.47, P ¼ 0.001) and changes of leptin levels (r ¼ 0.44, P ¼ 0.004) over the 1 y period were significantly correlated to the changes of percentage body fat based on skinfold measurements. Changes of sOB-R correlated significantly to baseline sOB-R levels (r ¼ 0.53, Po0.001, see Figure 2 ). The changes of leptin did not significantly correlate to the changes of sOB-R (r ¼ À0.23, P ¼ 0.087) over the 1-y period.
Changes of leptin concentrations were significantly correlated to the changes of insulin resistance index (r ¼ 0.42, P ¼ 0.006) and to the changes of insulin levels (r ¼ 0.43, P ¼ 0.005), while changes of sOB-R levels did not correlate to the changes of HOMA (r ¼ 0.12; P ¼ 0.238) or to the changes of insulin levels (r ¼ 0.13; P ¼ 0.233). In direct multivariate linear regression analyses, the changes of sOB-R over the 1-y period in the 36 obese children were significantly negatively correlated to changes of BMI and not to changes of HOMA, while changes of leptin over the 1 y period were significantly correlated to changes of insulin resistance index (HOMA) (see Table 2 ).
In total, 11 children (age in mean 9.472.0 y, 45% girls, 81% prepubertal) decreased their overweight substantially by at least 0.5 SDS-BMI (decrease in mean 0.7470.23). The 11 age-, gender-and pubertal stage-matched children without substantial weight loss decreased their SDS-BMI in mean by 0.2970.18. Four (36%) of the 11 children in each group entered into puberty in the study period. The changes of insulin resistance index (HOMA), insulin, leptin, and sOB-R levels over the 1-y period in the obese children with and without substantial weight loss are shown in Table 3 . The substantial weight loss led to a significant increase in sOB-R sOB-R in obese children T Reinehr et al levels and decrease of insulin levels and insulin resistance index (HOMA), while there were no significant changes of leptin levels. In the obese children without substantial weight loss, there were no significant changes in sOB-R levels, while insulin resistance index (HOMA), insulin, and leptin levels significantly increased. There were no significant differences in percentage body fat (P ¼ 0.785), BMI (P ¼ 0.672), and SDS-BMI (P ¼ 0.956) between the children with and without substantial weight loss at baseline. Furthermore, insulin (P ¼ 0.914), HOMA (P ¼ 0.773), leptin (P ¼ 0.913), and sOB-R concentrations (P ¼ 0.295) did not significantly differ between the children with and without substantial weight loss at baseline.
Discussion
This is the first study analyzing the longitudinal changes of insulin resistance index, insulin, leptin, and sOB-R concentrations after weight reduction in one sample of obese children. We could demonstrate that obese children had significantly higher leptin levels and lower sOB-R levels than lean children according to other studies in childhood. 4, 18 sOB-R levels increased in obese children who reduced their overweight in contrast to children without substantial weight loss.
Leptin levels decreased without significance after substantial weight loss in our study, while leptin levels increased significantly in children without substantial weight loss. This increase and the lacking significance in the decrease of leptin levels in children with substantial weight loss can be explained by aging and the onset of puberty over the long study period since leptin concentrations increase with age and pubertal development due to sex hormones. 1 Since the changes of leptin and sOB-R concentrations in obese children tend to normalize after substantial weight loss in concordance with studies in adults, 16, 17 these changes are the consequences rather than the cause of overweight. It is not clear whether the type of dieting or fat mass influence sOB-R levels in obesity. Total energy intake and macronutrient composition of the diet were reported to be associated with sOB-R concentrations. 29 On the other hand, the changes of sOB-R and leptin levels were significantly correlated to the changes in weight status and percentage body fat, pointing to a link between fat mass and leptin and sOB-R levels. It has been suggested that the adipose tissue hormone leptin downregulates the secretion of its own binding protein 15, 18 based on the findings that (1) leptin administration suppresses sOB-R levels in adults, 8 (2) a downregulation of leptin receptor isoforms by leptin has been demonstrated in vitro, 30, 31 and (3) leptin receptor mutations are associated with high sOB-R levels. 32 In Bold values were changed significantly related to the dependent variable in contrast to nonbold values. Table 3 Changes of BMI, SDS-BMI, leptin, sOB-R, insulin, glucose concentrations, and insulin resistance index (HOMA) over a 1-y period in 11 obese children (age in mean 9.472.0 y, 45% girls, 81% prepubertal) with substantial weight loss (decrease in SDS-BMI Z0.5) and in 11 age-, gender-and pubertal stage matched obese children without substantial weight loss (data as mean 7standard deviation; * ¼ Po0.05 baseline versus 1 y later) sOB-R in obese children T Reinehr et al contrast to this, leptin concentrations did not correlate to sOB-R levels at baseline, and most importantly, the changes of leptin levels did not correlate to the changes of sOB-R values in our study of obese children either. These findings are in line with other reports demonstrating the lack of correlations between sOB-R and leptin under certain circumstances: (1) in adults losing weight, leptin and sOB-R did not change proportionally; 16 (2) gender-specific differences in sOB-R levels in prepubertal children could be measured despite the lack of gender differences in serum leptin; 4, 18 (3) leptin and sOB-R levels did not change proportionally in growing children, 4, 7, 18 and (4) in pregnancy, high leptin levels are associated with high sOB-R levels. 6, 33 Therefore, it is likely that additional unidentified factors are involved in the regulation of the sOB-R. It appears likely that most of the circulating sOB-R is derived from proteolytic cleavage of membrane-bound receptors. 17, 34 In this case, sOB-R levels in serum could reflect the amount of leptin receptors. This could implicate that decreased levels of sOB-R, as found in morbidly obese subjects, are a sign of decreased expression of functional leptin receptors and a sign of leptin resistance. 16, [34] [35] [36] This type of leptin resistance is reversible and therefore does not seem to cause obesity since sOB-R levels increased in obese children after weight loss. Leptin is discussed to be involved in the pathogenesis of insulin resistance. 8, 11, 12 According to this, changes of leptin values correlated significantly to the changes of insulin resistance index (HOMA) in the 1-y period in multiple linear regression analysis adjusted for age, gender, and degree of overweight. The exact interaction between insulin and leptin are not fully elucidated. In two cross-sectional studies in adults, significant correlations between serum sOB-R level, fasting insulin, and insulin resistance index (HOMA) were reported even after adjustment for age, sex, and BMI. 14, 15 Since cross-sectional data cannot prove causality and are susceptible to confounder effects, longitudinal data are necessary to analyze these relationships. In our longitudinal study, changes of HOMA did not correlate to the changes of sOB-R concentrations in multiple linear regression analysis adjusted for age, gender, and degree of overweight. Therefore, the relationship between leptin and insulin resistance does not seem to be modulated by sOB-R levels. This study has a few potential limitations. First, BMI percentiles were used to classify overweight. Although BMI is a good measure for overweight, one needs to be aware of its limitations as an indirect measure of fat mass. Secondly, the HOMA model is only an assessment of insulin resistance and clamp studies are the gold standard to analyze insulin resistance. Since the HOMA-model correlates to clamp studies, it is a good method to study insulin resistance in field studies. 37 Finally, some children entered into puberty in the study period. The change of pubertal stage is associated with several hormonal changes including changes of leptin and sOB-R levels. 4, 18 Since the children with and without substantial weight loss did not differ in terms of pubertal stage, age or gender at baseline and the onset of puberty occurred in the study period in 36% of the children with and without substantial weight loss, a confounder effect due to the entrance into puberty seems unlikely. In summary, sOB-R levels were decreased and leptin levels were increased in obese children. These changes tend to normalize after weight loss. Therefore, these changes are the consequences rather than the cause of overweight. In contrast to sOB-R levels, leptin and its changes in followup were significantly correlated to the insulin resistance index and the changes of insulin resistance index, pointing to a link between leptin and insulin resistance but not between sOB-R and insulin resistance. Since the changes of sOB-R levels were significantly related to baseline concentrations of sOB-R, and sOB-R levels of children with substantial weight loss tended to be lower -but without significanceF than those of the children without substantial weight loss, low baseline levels of sOB-R may be predictive of weight loss in obesity intervention programs. This has to be evaluated in further large intervention studies.
